Objective: Renal volume-based estimates of glomerular filtration rate (GFR) using computed tomography (CT) in renal donor populations have been described. We hypothesized that the same technology would be especially useful in myelomeningocele (MMC) patients for whom standard methods of GFR assessment are inaccurate.
Conclusions:
Volumetric measurements also appear to overestimate renal function despite the classic changes in renal morphology in this population. Although renal volume based measurements of GFR correlate positively with MDRD and C-G, there is clinically significant variability in GFR calculation based on the tool used. When interpreting GFR in MMC patients, the inaccuracy of existing methods must be considered.
48% of adult MMC patients have renal impairment [1] . Accurately assessing the GFR in MMC patients is paramount to managing them yet current methods for determining GFR are ineffective in these patients. Many factors account for the inability of standard methods of estimating GFR. For the urologist and nephrologist, changes in the estimated GFR (eGFR) may prompt changes in management of the lower urinary tract, further exemplifying the importance of accurate eGFR assessment.
MMC patients typically have short stature with abdominal obesity and very low muscle mass, particularly in their limbs. In addition, many are non-weight bearing, reducing their muscle mass and thereby reducing creatinine generation [2] . Our primary marker for kidney function in all patients is serum creatinine, from which the GFR is then derived most commonly by the MDRD or C-G equations [3, 4] . The MDR0044 equation incorporates serum creatinine, age, ethnicity and gender whereas C-G equation is based on serum creatinine and weight to determine an estimate of creatinine clearance. Serum creatinine is affected by lean muscle mass and may be abnormal in patients with low muscle mass such as MMC patients. This has been well established in elderly populations [5] . The body habitus of MMC patients also renders serum creatinine a weak predictor of GFR [5] . In addition, many of these patients undergo bladder reconstructions that incorporate bowel into urinary reservoir, which promotes re absorption of creatinine and acidosis. Quan et al. demonstrated that in MMC patients with a serum creatinine > 0.5 mg/dL, the exponential relationship between serum creatinine and GFR is completely unpredictable [6] . Cystatic C, a non-creatinine based method of estimating GFR, is under investigation [7] . Cystatin C has shown promise when compared to serum creatinine in patients with MMC, but is still not ideal [8, 9] . Cystatin C measurements were not available in our study population.
Introduction
Adult myelomeningocele patients represent a complex patient population managed by both pediatric and adult urologists. Impaired renal function may occur secondary to detrusor sphincter dyssynergia, poor compliance, or recurrent pyelonephritis leading to renal scarring. Therefore MMC patients often experience progressive deterioration of renal function with age. McDonnell et al. reported that volume of renal parenchyma in axial images of contrast enhanced CTscans. We hypothesized that this unique method might serve a similar purpose in the MMC patient population.
125
I-iothalamate scans are difficult to obtain with these patients due to cost and in some cases, inability to fully capture urine output reliably and therefore no gold standard comparative reference is available for the majority of the patients in our study (11 out of 13). However, we sought to assess the correlation of renal volume-based GFR with MDRD GFR and C-G GFR to determine how volumetric measurements compare to existing models.
Methods
This study is a retrospective chart review approved by the Institutional Review Board at both Cleveland Clinic Foundation and University of Utah. Laboratory and radiology studies were performed at Cleveland Clinic Foundation (10 patients) and University of Utah (3 patients). 13 MMC patients for whom radiological and serological data were available were identified from an existing internal database (2010-2014). All patients have lumbar or lumbosacral myelomeningocele and are followed by two urologists for neurogenic bladder. Mean age is 34 (range 24-47). All patients had undergone CT scan with IV contrast over the course of their urologic care. The indication for CT scan was unable to be determined based on chart review for all patients. Of the 13 patients, 2 patients had also undergone 125 I-iothalamate renal clearance studies. Patients' age (years), height (cm), weight (kg), and body surface area (m 2 ) was recorded within 1 month of the CT scan of interest. Serum creatinine was recorded at a time point within 1 month of the CT scan (prior to the IV contrast load). One radiology technologist trained in 3D image post-processing performed measurement of total renal volume as previously described in detail by Herts et al. [10] . Renal volumebased GFR was calculated using equation also described by Herts et al (renal volume-based unadjusted GFR in milliliters per minute = 70.77 -0.444A + 0.366W + 0.2RV -37.317SCr where A is age in years, W is weight in kilograms, EV is total renal volume in milliliters, and SCr is serum creatinine in milligrams per deciliter) [10] . The renal volumebased GFR was then adjusted for body surface area (BSA) using the method of Dubois and Dubois to determine GFR in ml/min/1.73m 2 [11] . 125 I-iothalamate urinary clearance studies were performed by a dedicated laboratory and have been previously described [12] . GFR was calculated for each patient using MDRD and C-G equations previously well-established [3, 4] . The original C-G equation does not correct for BSA. C-G has improved accuracy when adjusted for BSA therefore this was done to compare GFR between all four methods of GFR derivation (C-G, MDRD, 125 I-iothalamte and volume-based) [13] .
The 
Results
Patient characteristics and GFR calculations are summarized in table 1. Correlation coefficient (r) between volume-based GFR and MDRD GFR was +0.76 (p = 0.002). Correlation coefficient (r) between volume-based GFR and C-G GFR was +0.68 (p = 0.010). Correlation coefficient (r) between MDRD GFR and C-G GFR was +0.91 (p < 0.001). Volumetric-based GFR was higher than 125 I-Iothalamate based estimates for the 2 patients for whom we had 125 I-iothalamate scans. MDRD-based measurements overestimated the volumetric-based estimates in 6 out of 13 patients. Figure 1 shows a graphical representation of GFR by MDRD, C-G and renal volume for each patient, displaying the wide variation despite the positive correlation.
Discussion
Patients with myelomeningocele (MMC) have variable muscle mass and body composition and many have hypotonic lower extremities and/or is non-weight bearing. For this reason, measuring renal function using existing creatinine-based models is well known to be inaccurate in this population [6] . The perioperative period creates an additional challenge for MMC patients due to perioperative fluid shifts, concomitant (and often coexisting) right heart failure and respiratory disease and the need for potentially nephrotoxic drugs. Furthermore, renal function and hemodynamic assessment in this population may be further impaired due to autonomic dysreflexia, fluid resuscitation, and sometimes impaired ability to fully capture and record total urine output. Given the inaccuracy of existing models, we aimed to apply a volumetric model to this population in this study in order to better assess GFR for pre-and peri-operative management. The results of this study suggest that volumetric based measurements of GFR in MMC patients do not correlate well with existing primarily creatinine-based methods used to estimate GFR. Although we do not have the gold standard GFR for 11 out of 13 patients, we suspect from the results shown in table 1 that renal volume-based GFR likely overestimates true GFR in this population in the same way that MDRD and C-G overestimate GFR. Sagittal images of CT-scan for patient 7 are shown in figure 2 to demonstrate the radiologic appearance of the renal units in this patient population. These images show the atrophic parenchyma commonly seen in this population due to recurrent infection and poorly compliant bladders. regarding the accuracy of this method in the MMC population. The two patients for whom we did have 125 I-iothalamate based GFRs, and then renal-volume based GFR was significantly higher. Defining a gold standard for this population is therefore necessary. It is clear both from the radiographic appearance of our patient population's kidneys and our knowledge of the inaccuracy of creatinine-based measurements in patients with low muscle mass, that the MDRD GFR, C-G GFR and renal-volume based GFR are inaccurate. A second weakness of this study lies in the use of BSA in a population that is wheelchair bound. BSA is also inaccurate based on presence of scoliosis and lower limb deformities. Furthermore, as Herts et al. point out, there is no accepted reference standard for renal volumes and the algorithm may include non-functional tissue such as central sinus fat [10] . Lastly, the radiation exposure associated with CT scans renders this a poor method to follow renal function long-term in these patients.
